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To meet mission requirements, the Rare-Isotope Accelerator (RIA) is being designed to 
accelerate primary beams of stable ion species from hydrogen through uranium. If it is 
determined to be technically feasible, systems will be designed to accommodate beam 
powers up to 400 kW [Gr99]. Several technical issues should be addressed at the pre-
conceptual design stage to guide future design efforts. First, the magnitude of the prompt 
radiation, attendant activation and radioactive material inventory generated at the target 
stations must be understood as these will be significant elements of the overall facility 
hazard category rating, and determine much of the bulk shielding and civil engineering 
design requirements. Second, the radioactive material inventory generated at and around 
target stations, beam dumps, strippers and catchers must be understood, as it will be a 
significant element (if not the primary element) of the overall hazard analysis and 
classification of the facility. The facility classification, in turn, will drive the scope and 
magnitude of ensuing design efforts. Facility classification studies are only just beginning 
[Ah03, Ro03]. Finally, total radiation doses and their spatial distributions from 
interactions in materials by both primary and secondary ion beams must be characterized. 
This information is critical in determining optimum material choices for magnet 
construction, targets, beam dumps, catchers, and slits, and to help address facility layout 
design, radiological requirements, and maintenance issues. 

Tools, data, and extensive experience gained from the design of the 2 MW Spallation 
Neutron Source (SNS) accelerator facility currently under construction at the Oak Ridge 
National Laboratory will be directly applicable to characterizing the radiation from light-
ion beams interacting with proposed pre-conceptual high power target designs for RIA. 
Of particular relevance to this proposal is the development of the Activation Analysis 
Sequence (AAS) [Od98b, McN00] and extension of the ORIHET code [Cl88]. These 
code systems were developed to interface with the MCNPX code [Hu99] being 
developed at Los Alamos National Laboratory (LANL) in support of the Accelerator 
Production of Tritium (APT) project. They provided detailed radioactive isotopic 
inventories of SNS components and structures for the determination of hazard category 
classification, remote handling requirements, shielding design, and decommissioning and 
decontamination requirements. Publications and reports representative of the utilization 
of these tools for the SNS project, by Harrington et al. [Ha98], Johnson et al. [Jo00a and 
Jo00b], Ludwig [Lu99], Miller et al. [Mi00], Odano et al. [Od98a], Popova et al. [Po00], 
Remec [Re00], and Yugo [Yu00], are included in the Cited Literature section. In 
addition, we will use newly available computational tools, e.g. PHITS, for characterizing 
radiation from heavy ion interactions [Iw00, Iw01, Iw03]. Both the light ion transport and 
heavy ion transport codes utilize the same geometry modeling techniques. Consequently, 
extending the AAS interface to include the heavy ion transport code is straightforward. 
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Benchmark calculations will need to be performed to compare to existing data for quality 
assurance. The ion beam species and specific energies currently planned for RIA include 
930 MeV protons up to 400 MeV/u uranium, with specific energies of intermediate-mass 
heavy ions reaching about 500 MeV/u. Protons having energies of 930 MeV and 3He ions 
having specific energies of 612 MeV/u will be the most penetrating and intense. For 
protons, data exist from many proton accelerators in this energy range. Semi-empirical 
methods and Monte Carlo have been successfully employed for preliminary safety 
analysis and design, and these can be benchmarked against relatively abundant data. 
Light ion Monte Carlo transport calculations are possible for beams of protons, 
deuterons, 3He, and 4He ions. In addition to the light ions, there will be considerable time 
devoted at RIA to the use of primary heavy ion beams and fast-fragment techniques. 
Heavy ion beams produce low-Z and high-Z fragments that must be characterized and 
transported, for they also produce radiation dose by further interactions. However, for 
transport of ions heavier than 4He, Monte Carlo transport calculations are still under 
development and benchmarking is just beginning. Beta versions of promising codes have 
just recently been made available [Iw00, Iw01, Iw03]. Data on secondary radiation from 
heavy ion interactions are still relatively sparse, but necessary to benchmark calculations. 
There exist only several experimental studies of neutron spectra from heavy-ion thick-
target interactions. These include: data from 4He -induced reactions by Heilbronn et al. 
[He99], Kurosawa et al. [Ku99a], and Kato and Nakamura [Ka92] (the results by Kato 
and Nakamura include analysis by Monte Carlo calculations); data from 12C-induced 
reactions by Heilbronn et al. [He99], and Kurosawa et al. [Ku99a]; data from 20Ne-
induced reactions are available from Kurosawa et al. [Ku99b] and McCaslin et al. 
[McC85]; data for 93Nb-induced reactions are available from Heilbronn et al. [He98]; 
data for neutron yields from thick C, Al, Cu, and Pb targets bombarded by 400 
MeV/nucleon Ar, Fe, Xe, and 800 MeV/nucleon Si ions are available from T. Kurosawa 
et al. In addition, neutron production cross-section data are now becoming available 
[Iwa01]. It is very important to understand and to be able to model reactions and 
production of secondary radiation from heavy ion beams. The radiation patterns differ 
significantly from proton-induced reactions. For example, the multiplicity of neutrons in 
a heavy ion reaction is larger than for a proton-induced reaction at a given specific 
energy. For the same power, one might expect protons to produce the largest number of 
neutrons because the ion range and beam particle current is largest for protons. However, 
preliminary Monte Carlo calculations indicated that, for the same power, the 612 MeV/u 
3He ion beam produced more neutrons than a proton beam having800 MeV. 
Compounding this, heavy ion neutron production angular distributions are much more 
highly peaked in the forward direction compared to those from protons. These features 
are illustrated in Figure 1. Issues of yield and angular distributions of secondary 
radiations must be studied further by way of simulation or measurement, to help focus 
bulk shielding, target and target area R&D, and magnet R&D. 
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Figure 1  Angular distributions of neutrons from proton and 3He-ion beams on a stopping uranium 
target, and from an iron ion beam on a stopping lead target are shown for the same beam power. The 
proton and 3He results are from Monte Carlo calculations, and the Fe + Pb results are generated 
from experimental data at 400A MeV [Ku01], scaled to 500A MeV using (E/A)2-scaling [Ku01]. 

The RIA complex will have up to three stations housing production targets for ISOL 
(Isotope Separation On-Line) studies. The production targets will consist of various 
elements or compounds chosen to optimize production of the rare isotope ion species of 
interest. Several designs exist based on those used at CERN (ISOLDE), TRIUMF, and 
Rutherford Lab. These targets will be most useful when employed with high-intensity 
light ion beams, such as protons, deuterons and 3He. The RIA complex will also have two 
fast-beam target systems: one supports the high-energy (HE) facility, where fragments 
are transported for in-flight experiments, and one will also support the low-energy (LE) 
facility, where the fragments stop in a gas cell and then are transported to a low energy 
facility. Each fast beam target system consists of a production target module (one target 
currently being considered is liquid lithium), a fragmentation separation device, fragment 
beam “catcher bars” for stopping unwanted fragments, a beam dump for non-interacting 
primary beam, local shielding, and bulk shielding. Unlike the ISOL target systems, these 
components are distributed, and some components such as Fragment Separator (FS) 
magnets will be in close proximity to loss regions and experience significant radiation 
doses. The production target of the Fragment Separator (FS) is a source of large fluxes of 
high-energy neutrons, photons, low-Z charged particles and many secondary high-Z 
fragments. For a 400 kW beam, up to 100 kW will be deposited in the target. Copious 
numbers of secondary fragments will be produced that have magnetic rigidities both 
lower and higher than the primary beam. Since the fragments are spatially diffuse, 
catcher bars as beam stops are being considered. However, a full characterization of 
radiation fields from primary beam dumps and secondary catchers is necessary to guide 
design efforts of these devices. The problems that can be addressed by our calculations 
are removal of the heat, constructing the bars and associated hardware of materials that 
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are resistant to the radiation fields and constructing them to accommodate remote 
handling if they, or the magnet, need replacing. A bigger problem is associated with 
removing the primary beam. Since the desired fragments may have either lower or higher 
magnetic rigidity than the primary beam, the primary beam will need to be removed in 
different locations in the magnet. This is logically accomplished by having a non-fixed 
beam line that takes the beam out of the dipole. Here also will be moving parts that may 
need repair or servicing. It is critical to understand the residual radiation fields to design 
for these difficult issues. In order to understand the magnitude of the problems, some 
fundamental questions need to be answered. These include the total dose and the spatial 
distribution of the dose relative to the components of the RIA facility. One would like to 
construct radiation resistant components such as magnets. However, in order to choose 
the appropriate technology and materials, the dose needs to be calculated prior to the 
choice. It is critically important to the cost of magnet design and construction to 
understand these issues as early as possible in the design stage. 

It is planned to address prompt radiation, activation, radiation heating and material 
damage issues using the MCNPX code [Hu99], and the PHITS code [Iw00, Iw01, Iw03], 
coupled to the Activation Analysis Sequence (AAS) [Od98b, McN00] and extension of 
the ORIHET code [Cl88]. The PHITS code should provide us with a presently unique 
computational tool for transporting heavy ions. 

In conclusion, support for radiation characterization is vital to RIA R&D. The magnitude 
of the prompt radiation, attendant activation, heat production, radiation damage and 
radioactive material inventory generated must be understood. These will be significant 
elements of the overall facility hazard category rating, bulk shielding, engineering 
requirements on design and optimum material choices for magnet construction, targets, 
beam dumps, catchers, and slits, and to help address overall facility layout design, 
radiological requirements, and maintenance issues materials. It is important that yields 
and angular distributions of secondary radiation from heavy ion reactions must be 
understood and radiation environments simulated. New codes will be employed 
simulations. However, benchmarking will be necessary, and to do this the proper data 
sets must be available or else obtained. 
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